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B
eans of the genus Phaseolus are considered a priority target for conservation because they are a valuable source of protein, vitamins, dietary fi ber, and minerals for farmers and consumers around the world, and especially in Mesoamerica where Phaseolus beans are an important component of the traditional milpa system of agriculture. In this cropping system, beans are interplanted with other staples, such as maize (Zea mays L.) and squash (Cucurbita spp.), and fi x atmospheric nitrogen, in addition to their role in human nutrition (Broughton et al., 2003) . Together, beans and maize make up the foundation of the Mexican diet and food culture. In the southern Mexican state of Oaxaca, farmers regularly plant landraces of three species: common bean (P. vulgaris L.), runner bean (P. coccineus L.), and year bean (P. dumosus Macfad. [= P. polyanthus Greenm.] ). Oaxaca falls within the Mesoamerican center of domestication and diversity for the genus Phaseolus, and the diversity of beans planted by the region's farmers is among the highest in the world (Angioi et al., 2009; Kwak et al., 2009; Pickersgill, 2007) . Archaeological evidence of early cultivated beans has also
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ABSTRACT
In situ conservation of crop genetic resources is an important complement to ex situ conservation, yet little is known about how small-scale farmers perceive diversity in their own fi elds. In this study, we investigated the role of farmers from a community in the Sierra Juárez, Oaxaca, Mexico, in managing Phaseolus bean diversity in their fi elds. We collected seeds from 287 plants in 10 fi elds in the village of Santa María Jaltianguis and evaluated the diversity present in the collection at 10 nuclear and three chloroplast DNA (cpDNA) microsatellite markers. Following a STRUCTURE analysis, three core population clusters were identifi ed in the collection, a fi nding corroborated by morphological observations, principal coordinate analysis, and neighbor-joining tree construction using molecular data. The fi rst two populations were identifi ed as Phaseolus vulgaris L. ecogeographic races Mesoamerica and Jalisco and the third population as related species Phaseolus coccineus L. and Phaseolus dumosus Macfad. Each of the fi elds sampled consisted predominantly of a single Phaseolus species or ecogeographic race, but there was also evidence of low levels of gene fl ow between races Jalisco and Mesoamerica. Our data suggest farmers in Santa María Jaltianguis recognize existing inter-and intraspecies diversity in Phaseolus, its differential adaptation, its capacity to exploit a broad range of growing environments, and its potential to buffer the community against socioeconomic and climatic changes.
been found in the Oaxaca valley (2098 yr BP) (Kaplan and Lynch, 1999) . The abundance of wild relatives, the diversity of domesticated species, the long history of bean cultivation, and the varied topography and climatic conditions of the state make Oaxaca a target for germplasm collections and in situ conservation programs (Beebe et al., 2000) .
Wild relatives of P. vulgaris, the most economically and nutritionally important Phaseolus species, can be found today from Mexico to Argentina (Berglund-Brücher and Brücher, 1976; Burkart and Brücher, 1953; Debouck et al., 1993; Freyre et al., 1996; McBryde, 1947; Zizumbo-Villarreal et al., 2005) . Studies incorporating molecular and archaeological evidence have shown that P. vulgaris was independently domesticated in Mesoamerica and the Andes (Becerra Velásquez and Gepts, 1994; Debouck and Gepts, 1991; Gepts et al., 1986; Koenig and Gepts, 1989; Kwak et al., 2009; Tohme et al., 1996) . While considered a predominantly autogamous species, studies have found varied rates of outcrossing in P. vulgaris landraces and cultivars. Rates of outcrossing are usually estimated between 0.12 and 1% (Escalante et al., 1994) , but several studies have reported levels up to 20 to 70% (Ibarra-Perez et al., 1997) . Two ecogeographic races of P. vulgaris are commonly found in the highlands of Oaxaca. Race Jalisco, believed to be the ancestral race in the region, is composed of climbing varieties adapted to the subhumid highlands of Jalisco, Guanajuato, Michoacán, Mexico, Puebla, and Oaxaca (Beebe et al., 2000; Diaz and Blair, 2006; Singh et al., 1991) . The second ecogeographic race, Mesoamerica, is a group of small-seeded varieties adapted to warmer and humid lowland conditions (Beebe et al., 2000; Diaz and Blair, 2006; Singh et al., 1991) .
While P. vulgaris, an annual species, is considered the most important domesticated bean in Oaxaca, the other domesticated Phaseolus species, P. coccineus and P. dumosus, fi ll important niches in traditional cropping systems (Delgado Salinas, 1988) . Phaseolus coccineus, the scarlet runner bean, is notable among the primarily autogamous Phaseolus species for its intermediate level of outcrossing (59-70%) (Escalante et al., 1994) , perennial life cycle, and pollination by hummingbirds and bumble bees or carpenter bees (Búrquez and Sarukhan, 1980) . Phaseolus dumosus, the year bean, is an ancient, evolutionarily stable hybrid of P. vulgaris and P. coccineus, with its morphology, life cycle, adaptation, and reproductive mode intermediate between the two parental species (Llaca et al., 1994) . Although P. dumosus is little known outside its immediate area of domestication in Mesoamerica, it performs important agronomic and nutritional functions in Mexico, Central America, and Colombia (Delgado Salinas, 1988) .
These three Phaseolus species traditionally occupy distinct positions along an altitudinal gradient in the Sierra Juárez of Oaxaca. Farmers in the region typically manage multiple fi elds in three recognized growing environments: tierra caliente, tierra templada, and tierra fría, which range in elevation from approximately 1060 to 2500 m above sea level (masl) (González, 2001) . Each growing environment has its own set of associated cropping cycles, planting patterns, crop species, and landraces. Phaseolus vulgaris is adapted to the warmer temperatures (average of 24°C) and lower altitudes found in the tierra caliente and tierra templada environments. Race Mesoamerica of P. vulgaris is adapted to warmer temperatures and is traditionally associated with low-altitude, tierra caliente fi elds, while race Jalisco is usually planted in tierra templada milpa fi elds. Phaseolus coccineus is adapted to the cooler temperatures (below 20°C) and higher altitudes of the tierra fría growing environment. Phaseolus dumosus, as a stabilized hybrid, is marked by intermediate adaptation. Thus, the Sierra Juárez in Oaxaca provides an interesting location to assess the three-way interaction among crop adaptation, environmental variation (including climate change), and human selection.
Artifi cial crosses can be made successfully among the three Phaseolus species, but only with P. vulgaris as the maternal parent (Mendel, 1866 ; and numerous studies subsequently). Crosses in natural environments have been documented between wild relatives of P. vulgaris and P. coccineus (Escalante et al., 1994) and between wild and domesticated P. vulgaris. Farmers have been found to actively encourage and cultivate hybrid plants resulting from spontaneous crosses between domesticated P. vulgaris and its wild progenitor, using them as a supplemental food source in low-yielding years and noting their superior resistance to biotic and abiotic stresses (Beebe et al., 1997; Zizumbo-Villarreal et al., 2005) . Research is needed to determine whether introgression between the diff erent Phaseolus species and races cultivated in the Sierra Juárez has resulted or may result in hybridized plants with new, useful traits or with improved environmental adaptation.
In this study, we investigated the role of farmers from a community in the Sierra Juárez, Oaxaca, in managing Phaseolus diversity in their fi elds by analyzing this diversity using molecular methods, along with germination type and farmer classifi cation. Specifi cally, we asked: (i) How are various Phaseolus species and races spatially distributed within and across fi elds along an altitudinal gradient? (ii) Is there evidence of gene fl ow between species or races in these growing environments? (iii) Is there evidence for a role of farmer seed management strategies in directing the most adapted bean seed stocks to the fi eld where they are better adapted? We conclude with a discussion of the response of farmers to changing social and environmental pressures and the implications of this study for the resilience of traditional farming systems and the in situ conservation of Phaseolus landraces in highland Oaxaca.
MATERIALS AND METHODS
Study Site
This study was a collaboration nested within two previous investigations. Aragón-Cuevas et al. (2006) conducted a survey of home consumption and sale. Maize and beans are particularly important in the local diet; average household bean consumption is 2.1 kg wk
. While all households interviewed grow beans for home consumption, only 19% reported selling beans.
Germplasm Collection
We sought to include in our study the role of human management in allocation of Phaseolus diversity across multiple growing environments, including deployment choices made within household Phaseolus repertoires. Our sampling framework was, therefore, based on farming households, providing detailed insights not possible if sampling of fi elds had been accomplished irrespective of their association with households. Given the resources available for the work reported here, seven diff erent households were selected from among the 50 included in the maize and bean survey (D. Soleri and F. Aragón-Cuevas, unpublished data, 2011) . Among the selected farming households were some who reported growing only one Phaseolus variety (n = 2, Farmers 2 and 4) and others who grew three or more varieties (n = 5, all others) in 2007. This subsample lay within 1 standard deviation of the 50-household average for primary household demographic and most agricultural characteristics documented in that survey (D. Soleri and F. Aragón-Cuevas, unpublished data, 2011) .
In December 2008, a collection of Phaseolus landraces was made in 10 fi elds planted and cultivated by the seven farming households in our sample (Fig. 1) . We worked directly with the lead farmer in each of those households to sample either one or two separately managed fi elds for the collection. Seeds from approximately 30 plants were collected in each of the 10 fi elds. Based on available information prior to and during this collection, three main Phaseolus groups were collected: P. coccineus/dumosus, P. vulgaris race Jalisco, and P. vulgaris race Mesoamerica. With the exception of P. vulgaris race Mesoamerica, these materials most phenotypic and agronomic maize diversity across the state of Oaxaca that identifi ed maize racial diversity in environmentally and culturally delineated regions of that state. The Sierra Juárez was the region of highest maize racial diversity (seven primary races present), and for that reason was one of two regions included in a regional survey of rural households' maize and bean consumption, conservation, and cultivation (D. Soleri and F. Aragón-Cuevas, unpublished data, 2011) . From among communities in the Sierra Juárez district of Ixtlán de Juárez included in the Aragón-Cuevas et al. (2006) study, the household survey selected and sampled two communities that lay within 1 standard deviation of the district average for key socioeconomic indicators (male:female ratio, literacy, indigenous language prevalence, level of education, features of housing quality and services) (CONAPO, 2005 (CONAPO, , 2010 INEGI, 2005) while representing high and low maize racial diversity (Aragón-Cuevas et al., 2006) . Santa María Jaltianguis was the lowest-maize-diversity community in that district best meeting all of the aforementioned criteria. Within Santa María Jaltianguis, a spatially stratifi ed random sample of 50 households was drawn from the complete roster of community households maintained by the local health clinic (n = 50, ~33% of the 150 households in that community; INEGI, 2005) for the maize and bean household study.
Santa María Jaltianguis, with a population of some 600 individuals, is located at 17°22′ N, 96°32′ W in the Sierra Juárez, at an elevation of 2040 masl (INEGI, 2005;  Fig. 1 ). The community is primarily indigenous, with approximately 93% of the population listing Zapotec as their fi rst language. Farming is the primary occupation of most residents. Interviews conducted as part of a larger regional study of maize and bean agriculture provide some basic information about agriculture in Santa María Jaltianguis (D. Soleri and F. Aragón-Cuevas, unpublished data, 2011) . Farmers plant maize, beans, and various fruits and vegetables for likely represented landraces, defi ned as domesticated materials, managed locally by farmers. For race Mesoamerica, there is a possibility that they could have used improved varieties; however, there are a large number of black-seeded landraces in gene banks. Two pods from each of the 30 plants were collected at random along a diagonal transect of each fi eld and GPS readings were taken at both ends of each transect. One seed from each pair of pods was used in the subsequent molecular analysis, for a total of 287 seeds in the collection.
The collection was made during the height of the bean harvest season, but, due to the characteristically stratifi ed growing environments and associated planting dates, it was impossible to sample some lower-altitude fi elds as they had already been harvested. Similarly, some high-elevation fi elds could not be sampled because the seeds were not yet mature. One of the samples (Farmer 1, Field 2: FMR1-2) was obtained postharvest. The farmer had harvested the beans from his low-elevation (tierra caliente) fi eld the previous day and allowed us to take 30 individual pods at random for the collection. All participating farmers were presented with pods and seeds from the 30 plants collected in their fi eld and were asked to provide local names for each of these.
Greenhouse Cultivation
One seed from each pair of pods collected from the 30 individuals in each of the 10 sampled fi elds was planted in a greenhouse on the campus of the University of California, Davis, during January 2009. The seeds were photographed with their pods before they were planted. These photographs were used to record gross diff erences in seed and pod morphology in subsequent analyses. Seed traits considered included size, shape, color, pattern, and luster; while pod traits included length, color, pattern, and texture. The germination habit of each plant was also noted as morphological evidence of its species membership (epigeal: P. vulgaris and P. dumosus; hypogeal: P. coccineus; Gepts and Debouck, 1991) . Tissue samples for DNA extraction were taken from young, healthy leaves and stored overnight at −80°C before they were lyophilized.
DNA Extraction and Microsatellite Analyses
Frozen leaf tissue samples were lyophilized in a VirTis Sentry 2.0 for approximately 48 h and ground to a fi ne powder. Genomic DNA was then extracted from the young leaf tissue using the cetyl trimethyl-ammonium bromide method (Doyle and Doyle, 1987) . Genetic diversity in the 287 plants collected from farmers' fi elds was assessed with microsatellite markers, including 11 nuclear microsatellite loci that were selected because of their high polymorphism information content (PIC) values and broad distribution over the entire Phaseolus genome: BMd20, BMd37, BMd41, and BMd42 ; BM143, BM151, and BM172 (Gaitan-Solís et al., 2002); PVag003, PV-at007, and PV-ctt001 (Yu et al., 2000) . Data from marker BMd37, located on linkage group 6, were subsequently excluded from the results because consistent scoring was made impossible by a possible null allele in samples of P. coccineus and P. dumosus and an apparent artifact peak at 130 bp.
Three chloroplast DNA (cpDNA) microsatellite markersccmp3, ccSSR9, and ccSSR16-were also selected to complement the nuclear markers based on their polymorphism within and between Phaseolus species (Angioi et al., 2009; Weising and Gardner, 1999; Xu et al., 2002) . More information about the nuclear and chloroplast microsatellite markers, including the primer pair sequences, repeat motifs, and genetic linkage map locations, can be found in the original publications mentioned above.
The nuclear and cpDNA microsatellite analyses were conducted using an economical fl uorescent tagging method (Schuelke, 2000) as described by Kwak et al. (2009) . Polymerase chain reaction (PCR) cycles consisted of a 5-min initialization at 94°C and 30 cycles of 30 s at 94°C, 45 s at 56°C, and 45 s at 72°C, followed by eight cycles of 30 s at 94°C, 45 s at 53°C, and 45 s at 72°C, with a 10-min fi nal extension period at 72°C. These PCR cycle settings worked well for most of the markers, but nuclear markers BM151 and PV-at007 had lower optimum annealing temperatures and amplifi ed poorly in the original conditions. A modifi ed protocol was therefore developed for those two markers with a lower annealing temperature of 50°C in the fi rst 30 cycles. After dilution to a standard concentration, the PCR reaction products were separated and sized in multiplex fashion depending on their expected size variation in an ABI 3730 genetic analyzer (Applied Biosystems). Fragment lengths were manually scored using the Genemarker program (version 1.51; Soft Genetics LLC). Genotypes for all 287 plants are reported in Supplemental Table A .
Analyses of Population Structure
The number of meaningful populations within our collection was inferred without a priori information other than genotype data using Structure 2.1 software (Pritchard et al., 2000) . The Structure program was run with the number of populations (K) set from 1 to 10. Twenty independent simulations were performed for each K setting, using the admixture model with each simulation set to a 30,000 burn-in period and 300,000 Markov chain Monte Carlo repetitions. The results from the simulation with the least negative log-likelihood value [ln P(D)] for each K setting were analyzed in conjunction with morphological observations distinguishing the diff erent species and ecogeographic races to ascertain the biological meaning of the Structure assignments. The ad hoc ΔK parameter, a quantity related to the second-order rate of change of ln P(D) with respect to K, was then used to infer K following Evanno et al. (2005) .
Further Structure runs were performed with members of each of the K = 3 clusters to determine whether there was signifi cant substructure within those inferred populations. Any plant with a population membership coeffi cient >50% for a given K = 3 cluster was included in that population's substructure run. Substructure runs for all three population clusters were conducted with 10 independent simulations set to a 30,000 burn-in period and 300,000 Markov chain Monte Carlo repetitions. Substructure groupings were inferred using the same procedure as in the original Structure run. Bar plots were created for the least negative log-likelihood simulations for K settings 2 through 7 and the inferred P. coccineus/P. dumosus substructure run using Microsoft Excel.
Structure analyses were complemented with a principal coordinate analysis performed with the GenAlEx 6 program (Peakall and Smouse, 2006) . Coordinates given by GenAlEx 6 for each seed were then color coded according to the population assignments inferred by Structure and by the fi eld in which the seed was collected. To further elucidate the genetic relationships among beans in diff erent fi elds, two neighbor-joining (NJ) trees representing the genetic distances between the 287 seeds or the 10 sampled fi elds were created using PowerMarker (Liu and Muse, 2005) . The C.S. Chord distance (Cavalli-Sforza and Edwards, 1967) was selected to calculate the genetic distance between both individual samples and fi elds because it performs well in populations with a bottleneck eff ect and does not require the assumption of a specifi c mutation model for microsatellite evolution (Takezaki and Nei, 1996) .
Summary Statistics and Chloroplast DNA Haplotype Analysis
Summary statistics, including the frequency of the most common allele (major allele frequency), number of genotypes, number of alleles, gene diversity, observed heterozygosity, and PIC were calculated for each of the nuclear markers using PowerMarker (Liu and Muse, 2005) . PowerMarker was also used to calculate the major allele frequency, number of alleles, gene diversity, and PIC for the three cpDNA microsatellite markers. Chloroplast haplotypes for each of the 287 plants were then determined using data from the three cpDNA markers. The GenAlEx 6 program (Peakall and Smouse, 2006) was used to calculate the number of alleles, gene diversity, and observed heterozygosity of each of the 10 fi elds sampled in the collection and the three population clusters identifi ed by Structure. Pairwise F ST values were also calculated in GenAlEx 6 to estimate the divergence among the three population clusters identifi ed by Structure and each of the 10 sampled fi elds. F ST is a measure of population diff erentiation, varying between 0 and 1, which represent lack of allelic divergence and complete differentiation, respectively (Holsinger and Weir, 2009 ).
RESULTS
Nuclear Marker Diversity
In this study, 10 nuclear and three cpDNA microsatellite markers were genotyped in a collection of 287 Phaseolus seeds sampled from 10 fi elds in the village of Santa María Jaltianguis. The nuclear markers gave an overall mean gene diversity of 0.59 and an average of 9.8 alleles locus
for the entire collection of genotyped seeds. The PIC values for the nuclear markers varied from 0.20 for marker BMd42 to 0.89 for marker PV-at007, with an average of 0.55. Average observed heterozygosity was 0.14, consistent with the mix of autogamous and allogamous species represented in the collection (Table 1) .
The PIC values, number of alleles, and gene diversity were lower for the cpDNA markers, as was expected due to the lack of recombination in cpDNA. The number of alleles varied between two and three per locus, and average gene diversity for the genotyped collection was 0.26. The PIC values for cpDNA markers varied between 0.16 and 0.35, with an average of 0.22 (Table 1) .
Nuclear Marker Population Structure
When the Structure program was set to two population clusters (K = 2), it distinguished between plants of P. vulgaris and those of P. dumosus and P. coccineus (Fig.  2) . Phaseolus coccineus (without P. dumosus, see discussion below) predominated in only one fi eld, FMR7. Beans were not sown in FMR7 in 2008; thus, all seeds in that sample were from volunteer plants, presumably grown from seeds dehisced in situ or P. coccineus plants already established in that fi eld during previous seasons. The latter possibility may be enhanced by the presence of tuberous roots in P. coccineus, which survive from one season to the next (Delgado Salinas, 1988) . Several other fi elds (FMR1-1, FMR3-2, and FMR5) had one to four plants classifi ed as P. dumosus/P. coccineus. The 33 plants assigned to the P. dumosus/P. coccineus cluster remained a consistent, separate group throughout the higher K settings with no subdivisions. When the number of distinct population clusters was increased to three, the Structure program captured the distinction between P. vulgaris ecogeographic races Jalisco and Mesoamerica (Singh et al., 1991) , based on morphological observations of the seed and pod (Fig. 2) . Seed photos taken before planting also supported these assignments; the vast majority of plants designated to race Mesoamerica had small, black seeds characteristic of that ecogeographic race (Singh et al., 1991) . Three fi elds (FMR1-2, FMR3-1, and FMR4) consisted primarily of race Mesoamerica plants. Race Jalisco plants dominated in the remaining fi elds of P. vulgaris. The ΔK statistic identifi ed an optimum of three populations within our collection, a fi nding corroborated by the consistency of individual assignments to the same three populations across higher K levels, that is, until K = 5 (Fig. 2) . Subsequent diversity analyses were therefore conducted to describe the relationship within and among these three identifi ed population clusters.
Substructure within the Three Core Populations
Although the three populations recognized by Structure are a biologically meaningful level of organization within our collection, there was evidence of signifi cant substructure within each P. vulgaris ecogeographic race with up to seven distinct clusters (Fig. 2) . As the K settings were increased beyond three population clusters, the P. vulgaris ecogeographic races Jalisco and Mesoamerica were divided into subpopulations. Race Jalisco was split into four subpopulations, with subdivisions occurring at K settings of 4, 5, and 7. Several samples (FMR1-1, FMR3-2, and FMR5) were comprised of members of two subpopulations of race Jalisco, whereas other samples were dominated by only one Figure 2 . STRUCTURE bar plot of the membership coeffi cients for all 287 Phaseolus seeds. Membership coeffi cients were taken from the least negative likelihood run of preset K settings from 2 to 7. The optimal clustering number (K = 3) was calculated using the ad hoc statistic ΔK (Evanno et al., 2005) . FMR, farmer's fi eld; R. Jalisco, race Jalisco; R. Mesoamerica, race Mesoamerica.
subpopulation. Race Mesoamerica was split only once, at a setting of K = 6. No biological meaning could be inferred from K settings higher than 7. The species and race assignments inferred for each of the 287 seeds from Structure at K = 3 and the subpopulation assignments inferred at K = 7 are reported in Supplemental Table B .
Three new Structure runs were conducted with plants from each of the K = 3 groups to further discern important substructure within the P. dumosus/P. coccineus group and P. vulgaris ecogeographic races Jalisco and Mesoamerica. An optimum of two clusters was found in the 33 seeds assigned to the P. dumosus/P. coccineus group. Two seeds from FMR1-1 were assigned by Structure to one subpopulation distinct from the other 31 seeds (not shown). The germination habit and morphology of those two plants suggests that they belong to P. dumosus, whereas the remaining 31 plants are P. coccineus. The substructure runs of plants assigned to ecogeographic races Jalisco and Mesoamerica were in agreement with the patterns and subdivisions found at the K = 7 setting of the original Structure run (data not shown).
Analysis of Genetic Diversity in the Three Core Population Clusters
The P. vulgaris ecogeographic races were highly diff erentiated (pairwise F ST = 0.15), but the greatest divergence was between races of P. vulgaris ( Jalisco and Mesoamerica) and the P. coccineus/P. dumosus samples (F ST = 0.33 and 0.39, respectively). A principal coordinate analysis corroborated the population assignments inferred by Structure and the pairwise F ST calculations (Fig. 3) . The fi rst axis, which explained 39% of the variation, separated the P. vulgaris seeds from P. coccineus and P. dumosus. The second axis, which explained 24% of the variation, differentiated P. vulgaris races Mesoamerica and Jalisco. The NJ tree also indicated that the P. coccineus and P. dumosus plants are highly diff erentiated from P. vulgaris (Fig. 4) .
The separation of two seeds of FMR1-1 from the rest of the P. dumosus/P. coccineus cluster in this NJ tree further substantiates the claim that those two plants were the sole P. dumosus in our collection.
Chloroplast DNA haplotype analysis supported the previously described fi ndings of divergence between the three Phaseolus species in our collection and suggested that introgression may be occurring from race Jalisco to monoculture fi elds of race Mesoamerica. A total of six distinct cpDNA haplotypes were identifi ed within the 287 plants in the collection (Fig. 4) . Three cpDNA haplotypes were identifi ed among the P. coccineus plants, whereas the two P. dumosus plants showed a single diagnostic haplotype. All but one of the race Jalisco individuals shared a single haplotype (J). Approximately 37% of the race Mesoamerica seeds had the J haplotype, while the other 63% had a distinct haplotype (M). This fi nding suggests that there may be some introgression from race Jalisco in fi elds of race Mesoamerica. Prevalence of the J haplotype varied in the three race Mesoamerica fi elds, with more evidence for introgression in the higher-altitude fi eld (Fig.  5) . Additionally, the M haplotype was found in one Jalisco seed from sample FMR6-2, the lowest-elevation milpa fi eld.
Gene diversity and observed heterozygosity were highest in P. coccineus and P. dumosus, as anticipated given those species' high rates of outcrossing (Table 2) . Race Jalisco had intermediate levels of observed heterozygosity, whereas race Mesoamerica had the lowest rates of observed heterozygosity.
Analysis of Diversity among Farmers' Fields
How farmers distribute the diversity present in a crop within and across fi elds provides insights into farmers' roles in diversity management and conservation. Each of the fi elds sampled in this collection was comprised primarily of a single Phaseolus species or ecogeographic race ( . Principal coordinate analysis (PCoA) of nuclear microsatellite diversity among the 287 Phaseolus seeds. The samples are color coded according to their membership in the three core population clusters identifi ed by STRUCTURE (see Fig. 2 ). R. Jalisco, race Jalisco; R. Mesoamerica, race Mesoamerica. vulgaris race Jalisco; blue circles: P. vulgaris race Mesoamerica; green circle: P. coccineus. The diameter of each circle is proportionate to nuclear simple sequence repeat gene diversity (value above each circle). The value below each P. vulgaris circle is the proportion (%) of race Jalisco chloroplast DNA (cpDNA) haplotype.
that farmers' fi elds were highly diff erentiated (mean pairwise F ST = 0.20) (Table 3) . Diff erentiation between fi elds of the same ecogeographic race tended to be lower than diff erentiation between fi elds of diff erent ecogeographic races. The average pairwise F ST between one race Jalisco fi eld and one race Mesoamerica fi eld was 0.21, compared to an average of 0.13 between two fi elds of race Jalisco and 0.05 between two fi elds of race Mesoamerica. The high levels of diff erentiation observed among fi elds of race Jalisco is likely due in part to the greater genetic diversity present in the seeds collected from that race (Table 2) , the longer tradition of this race in the study region, and the broad altitudinal range across which it is planted. FMR7, which was composed principally of P. coccineus seeds, was the most highly diff erentiated fi eld from the others (mean pairwise F ST = 0.33). Gene diversity, observed heterozygosity, and number of alleles were also highest in FMR7, consistent with the higher outcrossing rates expected for P. coccineus (Fig. 5) . Gene diversity and observed heterozygosity varied considerably among the fi elds dominated by P. vulgaris. These measurements were highest in the samples with a few seeds of P. coccineus (FMR1-1, FMR3-2, and FMR5) and in FMR6-2. The predominantly race Mesoamerica fi elds (FMR1-2, FMR3-1, and FMR4) and two race Jalisco fi elds (FMR2 and FMR6-1) had lower average gene diversities (Fig. 5) and observed heterozygosities.
Three of the seven farmers (FMR1, FMR3, and FMR6) had two distinct fi elds represented in the collection. Pairwise F ST results between two fi elds managed by one farmer were 0.214 (FMR1-1 and FMR1-2), 0.165 (FMR3-1 and FMR3-2), and 0.246 (FMR6-1 and FMR6-2) ( Table  3) . These results indicate that the farmers distributed their Phaseolus diversity between, rather than within locations, in this case in separate fi elds. Principal coordinate analysis revealed that between-fi eld divergence for Farmers 1 and 3 occurred along the y axis (i.e., according to ecogeographic race), while Farmer 6 planted two highly diff erentiated fi elds of subpopulations of the same ecogeographic race (Table  3 and Fig. 6 ). The NJ tree showing C.S. Chord distances among sampled fi elds further supports this observation (Fig.  7) . Distances between fi elds managed by the same farmer were very large, even in the case of two subpopulations of race Jalisco that were both cultivated by Farmer 6. In contrast, samples representing the same named variety sown by diff erent farmers (Daá bel-la tuaa, FMR1-1, FMR3-2; Daá güin-nii, FMR1-2, FMR3-1, FMR4) had the lowest pairwise F ST values for each of those samples' comparisons (see also the next section).
Evidence from Germination Type and Farmer Classifi cations
The molecular analyses described above were complemented by other evidence illustrating the diversity of Phaseolus species in Santa María Jaltianguis. Germination type can be used to test molecular evidence of species identities given that epigeal germination is diagnostic for P. vulgaris and P. dumosus, whereas P. coccineus can be identifi ed by its hypogeal germination. One hundred percent of the seeds in our collection with epigeal germination were later confi rmed as P. vulgaris or P. dumosus based on molecular marker analysis. Similarly, all seeds with hypogeal germination were confi rmed as P. coccineus (see Supplemental Table B) .
Farmers assigned a total of nine diff erent local names to the seeds collected in their fi elds (Table 4 and Supplemental  Table B) . Phaseolus vulgaris race Mesoamerica, P. coccineus, and P. dumosus were each strongly associated with a single local name, while farmers used eight local names to describe seeds of race Jalisco. The single race Mesoamerica seed that was given the local name Daá laá, was the only Mesoamerica seed found in a milpa fi eld dominated by race Jalisco, FMR3-2. Similarly, the only race Jalisco Figure 6 . Principal coordinate analysis (PCoA) of nuclear microsatellite diversity among the 287 Phaseolus seeds. The seeds are color coded according to the farmers' fi elds (FMR) in which they were collected. Figure 7 . Neighbor-joining tree based on C.S. Chord distance (Cavalli-Sforza and Edwards, 1967) showing the divergence between the 10 farmers' fi elds (FMR) represented in the Phaseolus collections. Each branch is color coded according to the core population cluster to which the majority of samples in each fi eld were assigned. Photos of 10 seeds representative of the diversity present in each fi eld are affi xed to the corresponding branches. The photographed seeds are not the same seeds that were used for molecular analyses.
seed described as Daá tupií was found in FMR7, the fi eld dominated by P. coccineus. One of the two Jalisco seeds given the name Daá güin-nii, more commonly associated with race Mesoamerica, was found in FMR3-1, a tierra caliente monoculture fi eld. In a few cases (FMR1-1, FMR3-2), farmers used many local variety names to describe the diverse array of genotypes present within a given seedstock, but in most cases (FMR2,  FMR3-1, FMR4, FMR5, FMR6-1, FMR6-2 ) farmers used only a few local names to describe a diverse seedstock (Table 4, Supplemental Table B , and Supplemental Fig. D) .
DISCUSSION Farmer Recognition of Genetic Diversity
Evidence from household surveys (D. Soleri and F. Aragón-Cuevas, unpublished data, 2011) indicates that seed systems in Santa María Jaltianguis are similar to many traditional farming communities; while predominantly local, they are also incompletely isolated systems as they allow introduction of seeds from outside the village. Ninety-six percent of the 50 households interviewed reported saving and sowing their own bean seeds, but 36% periodically obtain seed off farm, most often local varieties from neighbors or open markets. Still, 24% of the total state that they have sown nonlocal bean varieties, primarily Mesoamerica-type beans obtained as food from a local store. Thus, seed system evidence suggests that much of the Phaseolus phenotypic diversity they manage is familiar to farmers in Santa María Jaltianguis.
Phaseolus planting patterns and local variety names provide evidence that farmers in Santa María Jaltianguis recognize real genetic diff erences within their planting materials (Table 4, Supplemental Table B , and Supplemental Fig. C and D) . Each of the fi elds sampled in this village was comprised primarily of a single Phaseolus species or ecogeographic race ( Fig. 2: see K = 3), and even at preset K values higher than 3, one or two subpopulation clusters dominated in any given fi eld (Fig. 2) , indicating that farmers are able to maintain diff erentiated seed stocks. Race Mesoamerica beans, which are grown in lower-elevation, mono-cropped fi elds with at least some of the harvest typically intended for sale in the market, are typically managed in isolation from race Jalisco beans, which are grown in polyculture with maize and squash for home consumption in tierra templada milpa fi elds.
Diff erences in farmers' perceptions of diversity in milpa and monoculture fi elds are demonstrated through the assignment of local names to seeds. In this study, race Jalisco seeds and pods collected in milpa fi elds displayed a broad array of phenotypes, with much variability in shape, size, and color. On the other hand, all the race Mesoamerica seeds had a consistent morphotype: a small, black seed with a brittle tan pod at harvest maturity. The race Jalisco seeds also had higher gene diversity and a greater number of alleles than the race Mesoamerica seeds, indicating higher overall genetic diversity (Table 2) . Eighty-eight of the 89 race Mesoamerica seeds were assigned the same local name, Daá güin-nii (Table 4 ). In contrast, farmers used eight local names to describe Jalisco varieties. While diff erent farmers use a wide array of local names to describe their race Jalisco planting materials, most farmers appear to underestimate the diversity present within each given fi eld by using only one or two local names to describe a genetically diverse seed stock (FMR2, FMR5, FMR6-1, FMR6-2). In other cases (FMR1-2, FMR7), farmers used only one local name to describe highly uniform race Mesoamerica and P. coccineus seed stocks, demonstrating their ability to recognize a particular genotype in their seedstock (Table  4, Supplemental Table B , and Supplemental Fig. C and D) .
The observed diff erences in diversity among fi elds of Mesoamerica and Jalisco can probably be accounted for by the long tradition of cultivation of race Jalisco in highland Oaxaca and the diff erent goals and preferences associated with market sale and home consumption. Race Mesoamerica encompasses a large group of landraces with a degree of variability in color, growth habit, phaseolin, and environmental adaptation comparable to that found in race Jalisco (Singh et al., 1991) . The single characteristic phenotype and lower levels of diversity found in samples of race Mesoamerica in Santa María Jaltianguis can be ascribed to a limited, recent introduction-as planting material-of seeds that meet demands for uniformity and other preferences in the marketplace. While uniformity is often desired in the market, diversity may be tolerated and even encouraged in fi elds intended for home consumption (Brush, 1995; Zizumbo-Villarreal et al., 2005) .
Distribution of Phaseolus Species and Races across the Landscape
In the Phaseolus growing environments of Santa María Jaltianguis, populations with diff erent environmental adaptations and market attributes appear to be spatially separated by most farmers and by the environmental ranges of the species and races present. Varied mountain environments, as in the Sierra Juárez, encourage the use of multiple crop varieties adapted to heterogeneous agroecological conditions (Bellon, 2006; Brush, 1995; Perales et al., 2003) . The distribution of Phaseolus planting materials in the diverse growing environments managed by Santa María Jaltianguis farmers corresponds to what is known about their respective adaptation, although several discrepancies were noted (Fig. 5) . While we originally hypothesized that we would fi nd race Mesoamerica in low-altitude tierra caliente fi elds, race Jalisco and P. dumosus in the tierra templada growing environment, and P. coccineus in highaltitude tierra fría fi elds, this hypothesis was not completely supported (see Fig. 5 ). Lower-altitude fi elds were indeed generally planted as monocultures of bush-type race Mesoamerica seeds, with mid-and higher-altitude milpa fi elds sown in race Jalisco, P. dumosus, and P. coccineus, but there were exceptions. Notably, FMR4, one of the three fi elds of Mesoamerica included in the collection, was planted at 2051 masl, in an environment comparable to the average race Jalisco tierra templada fi eld. We also identifi ed one race Jalisco milpa fi eld, FMR6-2 in the tierra caliente environment (1802 masl). FMR6-2 was situated adjacent to monocropped Mesoamerica fi eld FMR3-1 (Fig. 5) . FMR7, the fi eld composed almost entirely of P. coccineus volunteers, was in a templada environment (albeit the highest tierra templada fi eld at 2262 masl). It is useful to note that fi eld type designations are farmers' own as provided to the researchers. Indeed, these designations provide additional insight into the role of farmers in deploying Phaseolus diversity that overlays any constraints presented by strictly altitudinally defi ned growing environments, as illustrated in the examples given above. While altitude is an important aspect of fi eld designation by farmers, it is not the ultimate determinant, and farmers appear to experiment with and stretch such designations to meet their needs and curiosity.
Fields and Local Varieties as Biodiversity Units
Our results indicate that-in a given year such as 2008-a farmer's seed stock that is planted in a given fi eld is the primary unit of diversity in the Phaseolus farming systems of the Sierra Juárez, Oaxaca. Diversity is structured between fi elds, being lower within any given fi eld relative to between fi elds (mean pairwise F ST = 0.20), as each fi eld is dominated by a single ecogeographic race or species (Table 3 and Fig.  7 ). There are observable correlations between the species, races, seed stocks, and variety names in the plant materials sampled (Table 4 and Fig. 5 and 6 ). We argue that these correlations are not random, but are due to the farmers' role as integrating agents. Farmers are able to recognize genetic structure within their available planting materials and have a basic understanding of the overall adaptation of diff erentiated seeds. Hence, they tend to assign certain local names to diff erent varieties or seed stocks, and plant those varieties in the growing environments to which they are well adapted. The predominant genetic diff erentiation across the seed stocks planted to distinct fi elds suggests that individual fi elds should be the main sampling unit in explorations of these Phaseolus systems for ex situ conservation. How farmers distribute the diversity present in a crop within and across fi elds provides insights into farmers' roles in diversity management and conservation. Each of the three farmers represented by two fi elds in the study sample (Farmers 1, 3, and 6) managed one tierra caliente and one tierra templada fi eld, as is usual for most farmers in Santa María Jaltianguis, who manage fi elds in multiple growing environments. These three farmers distributed Phaseolus diversity across their landholdings using at least two diff erent strategies (Fig. 2, 6 , and 7). Farmers 1 and 3 each maintained two fi elds with diff erent ecogeographic races (Mesoamerica and Jalisco), the race Mesoamerica fi eld being located in the tierra caliente area and the race Jalisco in the tierra templada area. In contrast, Farmer 6 maintained two fi elds of diff erent subpopulations of the same ecogeographic race (Jalisco) (Fig. 2, 6 , and 7). Field FMR6-2 is the lowestelevation Jalisco fi eld, the most highly diff erentiated from other fi elds of race Jalisco, and also the more genetically diverse of Jalisco fi elds (Table 3 and Fig. 5 ). The example of Farmer 6 highlights the value of experimentation and the idiosyncrasies of individual farmers.
Evidence for Gene Flow between Ecogeographic Races Mesoamerica and Jalisco
The presumably autogamous nature of P. vulgaris and the physical separation of species and races in the landscape may serve as eff ective barriers to gene fl ow, but these barriers are incomplete, as many fi elds contain a small percentage of seeds from diff erent races or species. A few individuals of P. coccineus were found mixed with milpa fi elds of Jalisco in tierra templada environments (FMR1-1, FMR3-2, and FMR5), but never in mono-cropped fi elds of race Mesoamerica (Fig. 2) . The increased incidence of species mixing in fi elds of race Jalisco may be further indication of the higher tolerance for diversity in subsistence milpa fi elds. The indeterminate, climbing growth habit of P. coccineus and P. dumosus, as well as the cool-season environment of the two species, may also lead to poorer adaptation in lower-altitude, mono-cropped systems without maize plants to scale.
It is unclear whether farmers deliberately mix species and races in their fi elds. Farmers generally used the local names Daá tupií and Daá ixhia when presented with seeds of P. coccineus and P. dumosus, respectively, that were collected in their milpa fi elds dominated by race Jalisco (Table 4) . However, the farmers never used the name Daá güin-nii to describe seeds of race Mesoamerica found in race Jalisco milpa fi elds and, likewise, failed to describe race Jalisco seeds found in mono-cropped fi elds with any of the six local names generally associated with that race (Table 4) . Farmers may encourage or tolerate the mixing of P. coccineus, P. dumosus, and race Jalisco in milpa fi elds, but it is not clear whether all race Jalisco individuals in mono-cropped race Mesoamerica fi elds and all Mesoamerica individuals in milpa fi elds were planted in those environments by accident due to seed misidentifi cation. Despite the tolerance for other Phaseolus species in race Jalisco milpa fi elds and the occasional mixing of Jalisco and Mesoamerica seeds, farmers appear to be able to maintain separate varieties in their fi elds to a remarkable degree. Therefore, farmer selection for varietal ideotype may complement the high rates of self-pollination in P. vulgaris and physical separation of species and races in maintaining distinctions between varieties in the region.
Questions Raised for Future Research
Environmental factors such as climate change may be impacting the traditional altitudinal distribution of growing environments. The tierra fría growing environment may be shrinking as the climate becomes warmer and more prone to drought. This scenario would reduce the adaptation of P. coccineus and limit its range. Warmer average temperatures in the region may also increase the range of race Mesoamerica and increase its adaptation to higher altitudes. The increased incidence of certain gene fl ows (as evidenced by the presence of cpDNA haplotype J in the highest-altitude Mesoamerica fi eld and the presence of cpDNA haplotype M in a Jalisco plant in the lowest-altitude milpa fi elds) suggest that gene fl ow between ecogeographic races could play a role in the gradual adaptation of landraces to new growing environments (Fig. 5) . Whether this gene fl ow provides resilience or buff ering to farming systems during climatic change, or merely muddles ecologically signifi cant units remains to be determined with future research.
Social pressures including changes in market demand and reduced labor availability due to migration could also have important impacts on the amount and structure of crop biodiversity managed in Santa María Jaltianguis and in other villages in the Sierra Juarez. Anecdotal evidence supports the claim that these farmers are responding to social and environmental pressures by deviating from the traditional altitudinal species distribution pattern with a trend toward contracting multiple growing environments into one. While we expected to see an altitudinal gradient roughly corresponding to race Mesoamerica in tierra caliente, race Jalisco and P. dumosus in tierra templada, and P. coccineus in tierra fría, we found several deviations from this pattern (Fig. 5) . Farmers in Santa María Jaltianguis report responding to labor shortages by focusing production in the tierra templada environment because tierra caliente and tierra fría environments are farther away from the village and harder to reach for aging farmers (Fig. 1) .
Contraction of growing environments or spatial integration of production systems is common in Mexico and other centers of crop diversity and is considered one of the most important threats to in situ conservation of landraces (Brush, 1995) . Increased migration rates in Chiapas, Mexico, have been shown to result in a narrowing of agroecological conditions for maize production (Keleman et al., 2009 ). However, in that case varieties adapted to hillsides were abandoned while low-altitude varieties were maintained. Similarly, Hopi maize farmers reported collapsing, or bulking, multiple varieties into one when increased off -farm employment created a labor shortage and made the cultivation of multiple varieties impractical (Soleri and Cleveland, 1993) .
In conclusion, these fi ndings highlight the need for longitudinal studies that track the impact of social and climatic changes on the spatial allocation of crop diversity in traditional farming systems. The ability of farmers to maintain their cropping systems during future social and environmental change depends on the amount and structure of biodiversity in the fi eld and the level of gene fl ow occurring between landraces and related species, in addition to their own socioeconomic conditions. Gene fl ow, in combination with mutation, recombination, and directional human selection, will determine whether crop populations will adapt to changing growing conditions and provide stable yields from year to year. Oaxacan farmers' practice of growing multiple landraces of three Phaseolus species across an altitudinal gradient in their landholdings may, among other things, be a strategy to mitigate risks across a broader range of agronomic and household needs than can be addressed with a single species or race. Therefore, a contraction of growing environments or pooling of varieties could leave farmers more susceptible to social and environmental change. However, even in this small sample of farmers, substantially diff erent distribution patterns of Phaseolus diversity are represented. Thus, while the basic unit of Phaseolus diversity may be the seed stock, it is the repertoire of varieties and growing environments at the community scale or at a larger scale that may be critical to managing risk or addressing a wide range of needs at the household level in the future.
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